Oncostatin M (OSM) and leukemia inhibitory factor (LIF) are closely related members of the interleukin-6 (IL-6) cytokine family. Both cytokines share a common origin and structure, and both interact through a specific region, termed binding site III, to activate a dimeric receptor complex formed by glycoprotein 130 (gp130) and LIF receptor (LIFR) in humans. However, only OSM activates the OSM receptor (OSMR)-gp130 complex. The molecular features that enable OSM to specifically activate the OSMR are currently unknown. To define specific sequence motifs within OSM that are critical for initiating signaling via OSMR, here we generated chimeric OSM-LIF cytokines and performed alanine-scanning experiments. Replacement of the OSM AB loop within OSM's binding site III with that of LIF abrogated OSMR activation, measured as STAT3 phosphorylation at Tyr-705, but did not compromise LIFR activation. Correspondingly, substitution of the AB loop and D-helix in LIF with their OSM counterparts was sufficient for OSMR activation. The alanine-scanning experiments revealed that residues Tyr-34, Gln-38, Gly-39, and Leu-45 (in the AB loop) and Pro-153 (in the D-helix) had specific roles in activating OSMR but not LIFR signaling, whereas Leu-40 and Cys-49 (in the AB loop), and Phe-160 and Lys-163 (in the D-helix) were required for activation of both receptors. Because most of the key amino acid residues identified here are conserved between LIF and OSM, we concluded that comparatively minor differences in a few amino acid residues within binding site III account for the differential biological effects of OSM and LIF. Figure 4 . Exchange of binding site III in LIF by OSM sequences enables short-term OSMR activation. A, depiction of the different domain swaps in LIF-based chimeras using corresponding OSM counterparts. B and C, STAT3 phosphorylation levels in A375 cells (OSMR activity) and JAR cells (LIFR activity) 10 min after stimulation. Ctrl, control. D, relative quantification of receptor activation by each chimeric cytokine. P-STAT3 band intensities were first normalized against total STAT3 levels. Data were then transformed relative to the basal (control) signal, which was set to 0. Values are presented as mean Ϯ S.E., n ϭ 5 independent cultures; **, p Ͻ 0.01.
The IL-6 5 class of cytokines is formed by ten different members: IL-6, IL-11, IL-27, IL-31, ciliary neurotrophic factor, cardiotrophin-1, cardiotrophin-like cytokine, neuropoietin, LIF, and OSM (1) (2) (3) (4) (5) (6) (7) (8) (9) . They all display a common secondary structure comprised of four helices joined by loops to form a bundle (10 -13) . These cytokines exert their actions by binding to oligomeric receptor complexes formed by gp130 and one or more specific co-receptors, including LIFR and OSMR (14) . Activated receptor complexes initiate distinct signaling events by recruiting and phosphorylating components of the mitogenactivated protein kinases (MAPKs), the phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) and the Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathways (15) .
LIF and OSM are the most closely related members of the IL-6 family and originated from the same ancestral gene after a duplication event (Fig. 1, A and B) (16 -18) . OSM and LIF both induce formation of a heteromeric LIFR-gp130 receptor complex (3, 19) , albeit by different mechanisms. LIF interacts first with the LIFR before gp130 is recruited and the heteromeric complex forms. In contrast, OSM binds first to gp130 before recruiting the LIFR (3, 20, 21) . After binding to gp130, OSM might alternatively recruit the OSMR to induce OSMR-gp130 complex formation, which is not accomplished by any other cytokine (20) .
Intriguingly, the interaction of OSM with either OSMR or LIFR is mediated through the same region, termed binding site III, which comprises the N-terminal region of helix D and the loops between helices A-B and B-C (Fig. 1C) (13) . The specific details regarding these interactions, however, remain elusive because no structural data of OSM binding to any of its receptors have been obtained (22) . Based on site-directed mutagenesis experiments, it has been claimed that a conserved FXXK motif in helix D of OSM is essential for both LIFR and OSMR binding (13) , although this motif alone is also present in LIF and all other LIFR-binding cytokines and therefore does not explain the specific interaction of OSM with OSMR ( Fig. 1D) (23) . One of the main differences between OSM and LIF is the size of the BC loop, but shortening OSM's longer BC loop does not influence the ability of OSM to bind to the OSMR (21) .
Here we examined the molecular characteristics of the OSM binding site III that are critical for activation of specific receptors. The importance of different regions of OSM binding site III for OSMR activation was examined by creating chimeric cytokines (24) . Exchange of the AB loop and N-terminal D-helix regions in LIF with corresponding regions from OSM generated a chimeric LIF cytokine that initiated OSMR signaling. Because our results suggested a critical role of the AB and D loops, we conducted a detailed alanine site-directed mutagenesis scan, which led to the identification of Tyr-34, Gln-38, Gly-39, and Leu-45 in the AB loop and Pro-153 in the D-helix of OSM as key residues for specific OSMR activation. Alignment of the binding sites III of OSM and LIF revealed that most of the critical residues are conserved between both molecules. We therefore argue that differences in the spatial organization of a few amino acid residues within binding site III of OSM and LIF cause divergent receptor activation.
Results

Design and production of OSM-LIF chimeric cytokines
The OSM and LIF residues forming different helices and loops are well known because of the available crystal structures of human OSM (PDB 1EVS) and LIF (PDB 2Q7N) (13, 21, 25) . In contrast, the functional boundaries of OSM binding site III have not been defined precisely. To design replacements within the AB loop, BC loop, and D-helix regions of binding site III, we aligned the amino acid sequences of human OSM and human LIF using ClustalW (26) . The conserved Cys residues required for disulfide bond formation were selected as the C-terminal amino acids of the AB loop and D-helix, and the conserved Thr residue N-terminal of the FXXK motif was chosen as a starting point for the D-helix replacement. Because no characteristic amino acid demarcating the start of the AB loop was evident, three different replacement lengths were selected. We chose a rather large region comprising the C terminus of helix B and the N terminus of helix C, starting with an Asp and ending with a conserved Lys residue, because shortening of the central region of the BC loop does not impair OSMR activation (21) (Fig. 1D ).
In Escherichia coli expression systems, OSM forms insoluble inclusion bodies, requiring extra steps for purification (27) . We hypothesized that aggregation and misfolding in prokaryotes might be facilitated by the reducing redox state preventing formation of critical disulfide bond between helices A and D of OSM (28) . Hence, we used a modified E. coli strain expressing a chaperone/disulfide bond isomerase (29) , which produced high yields of soluble, biologically active OSM as well as the various OSM point mutants. In contrast, we were unable to recover sufficient quantities of OSM-LIF chimeras from either E. coli strain (data not shown) and therefore switched, for the expression of chimeric molecules, to a mammalian system based on FreeStyle 293-F cells.
Assessment of receptor activation by OSM or LIF
OSM does not interact with OSMR in the absence of gp130, which renders determination of OSM-OSMR binding affinity difficult (20, 30) . However, measurement of the phosphorylation level of downstream signaling molecules, such as STAT3, offers an alternative (31) . We employed human cell lines specifically expressing only either OSMR (A375 melanoma cells) or LIFR (JAR choriocarcinoma cells) (32) and determined STAT3 Tyr-705 phosphorylation 10 min after stimulation. To 
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ascertain that only the OSMR or LIFR induced STAT3 phosphorylation, either of the receptors was inactivated by specific siRNAs (Fig. S1 ). In addition to STAT3 phosphorylation we also measured the expression of tissue inhibitor of metalloproteinase 1 (TIMP1) and total STAT3 levels after 24 h, which increase as a result of prolonged OSMR and LIFR stimulation, respectively (33, 34) . Similar to the short-term stimulation studies, siRNA inhibition experiments were used to demonstrate the specificity of these markers ( Fig. S2 ). Finally, we quantified the well-known effects of OSMR activation on the proliferation of A375 cells as a biological readout (35) .
The AB loop of OSM is required for OSMR activation
To identify critical regions for receptor activation, we first generated OSM-based chimeric cytokines in which different sections of OSM were replaced by corresponding parts of the LIF molecule ( Fig. 2A) . The OSM-LIF chimeras were first tested in a short-term cell stimulation assay. Interestingly, the AB2 and AB3 OSM-LIF chimeras activated the LIFR in JAR cells but not the OSMR in A375 cells (Fig. 2, B and C), clearly indicating that the AB loop is crucial for the specificity of OSM-OSMR interaction. The AB1 OSM-LIF chimera, which contains a longer AB loop replacement, failed to activate either the LIFR or OSMR, probably because of disruption of the secondary structure (Fig. 2, B and C) . In contrast to the AB loop chimeras, and in line with previous reports, exchange of the BC loop had no measurable impact on the activation of either receptor, whereas exchange of the N-terminal D-helix caused a small but statistically significant reduction in the signaling activity of both OSMR and LIFR ( Fig. 2 , B-D).
Nearly identical results were obtained in long-term stimulation experiments in which OSMR-mediated TIMP1 expression in HepG2 cells was induced by native OSM, the BC loop chimera, and, to a lesser degree, by the D-helix chimera but not by the AB loop chimeric cytokines (Fig. 3A) . Similar to the shortterm stimulation experiments, AB2 and AB3 variants activated LIFR signaling to the same extent as native LIF in JAR cells, as indicated by increased STAT3 levels, but failed to increase OSMR-dependent TIMP1 levels in HepG2 cells (Fig. 3, B and C). Likewise, native OSM and the BC loop and D-helix chimeras, but not the AB loop variants, inhibited proliferation of A375 cells through OSMR activation ( Fig. 3D ).
Exchange of binding site III in LIF by corresponding OSM sequences enables OSMR activation
So far, our experiments indicated that the AB loop region in binding site III of OSM is required for OSMR activation but did not rule out the existence of other essential regions outside of binding site III. Therefore, we exchanged different regions of binding site III in LIF and not in OSM as before ( Fig. 4A ). Interestingly, replacement of the N-terminal AB loop region alone was not sufficient for LIF to acquire the ability to initiate OSMR Figure 2 . The AB loop of OSM is required for short-term OSMR activation. A, depiction of the different domain swaps in OSM-based chimeras using corresponding LIF counterparts. B and C, STAT3 phosphorylation levels in A375 cells (OSMR activity) and JAR cells (LIFR activity) 10 min after cytokine stimulation. Ctrl, control. D, relative quantification of receptor activation by each chimeric cytokine. P-STAT3 band intensities were first normalized against total STAT3 levels. Data were then transformed relative to the basal (control) signal, which was set to 0. Values are presented as mean Ϯ S.E., n ϭ 5 independent cultures; **, p Ͻ 0.01.
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signaling (Fig. 4B ). Only the chimera with both AB loop and D-helix substitutions led to STAT3 phosphorylation in A375 cells 10 min after stimulation, albeit at lower levels than native OSM (Fig. 4B ). In contrast, every chimera generated was active through the LIFR receptor, again suggesting the absence of major conformational changes in these mutant cytokines ( Fig.  4 , C and D).
These observations were subsequently reinforced by longterm stimulation experiments. Only the ABϩD chimeric LIF proved capable of up-regulating TIMP1 expression in HepG2 cells after 24 h ( Fig. 5 , A-C) or of inhibiting A375 cell proliferation after 5 days ( Fig. 5D ), thus confirming these two regions of binding site III of OSM as the main differentiating feature between OSM and other IL-6 family members in receptor activation.
Identification of amino acid residues within the AB loop of OSM playing key roles in OSMR activation
To characterize the contribution of individual amino acid residues within the AB loop of OSM for OSMR activation, we pursued an alanine-scanning approach (36) . Individual point mutants were generated in the N-terminal AB loop of OSM from Pro-33 to Cys-49 by replacing each amino acid with an alanine and tested in short-term stimulation experiments. Only two substitutions, L40A and the already described C49A (28), disrupted the ability of OSM to activate OSMR or LIFR ( Fig. 6 , A-C). In contrast, alanine replacement of Tyr-34, Gln-38, Gly-39, and Leu-45 in OSM prevented only OSMR but not LIFR signaling, as indicated by the differential effects on STAT3 phosphorylation in OSMR-and LIFR-expressing A375 and JAR cells, respectively ( Fig. 6 , A-C).
Long-term stimulation experiments yielded similar results: the Q38A, G39A, L45A, and, to a lesser extent, the Y34A mutant showed an absence of OSMR-dependent induction of TIMP1 expression in HepG2 cells but normal STAT3 up-regulation in JAR cells, whereas the L40A and C49A mutants were unable to activate either receptor ( Fig. 7 , A-C). Unlike WT OSM, the Y34A, Q38A, G39A, and L45A mutants did not inhibit proliferation of A375 cells, further confirming the importance of these residues for OSMR signaling initiation ( Fig. 7D ).
Role of individual amino acid residues in the D-helix of OSM for OSMR activation
The requirement of the N-terminal D-helix region in LIFbased chimeras for efficient OSMR signaling suggested the existence of critical amino acids outside the conserved FXXK motif for OSMR activation. To identify corresponding residues, each amino acid in the replaced D-helix was substituted by an alanine. The P153A mutant showed a 4-fold reduction of 
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STAT3 phosphorylation in short-term stimulation assays in A375 cells relative to WT OSM but normal P-STAT3 levels in JAR cells ( Fig. 8 , A-C). In addition to P153A, only the F160A and K163A mutations, which change the FXXK motif, had a significant effect. However, unlike P153A, F160A and K163A prevented activation of both OSMR and LIFR ( Fig. 8 , A-C). Long-term stimulation experiments confirmed these results, showing reduced OSMR-dependent TIMP1 expression in HepG2 cells but normal LIFR-dependent up-regulation of STAT3 by P153A ( Fig. 9 A-C) . Likewise, P153A did not inhibit proliferation of the A375 cell line compared with WT OSM (Fig. 9D) .
The amino acid residues necessary for OSMR activation are conserved between human OSM and LIF and form a spatial cluster
The identification of individual amino acids in the N-terminal AB loop and D-helix regions critical for OSMR but not LIFR activation suggested that such amino acids might not be con-served between OSMR and LIFR. Surprisingly, however, sequence alignment of the two cytokines revealed that Tyr-34, Gln-38, Gly-39, and Leu-45, in addition to the FXXK motif, were conserved between OSM and LIF. To answer this riddle, we examined the position of Tyr-34, Gln-38, Gly-39, and Leu-45 in the crystal structures of OSM and LIF (Fig. 10 ). We found that, in LIF, the corresponding Gly-39 and Leu-45 residues are separated by an extra amino acid, which is missing in the OSM AB loop. The resulting conformational changes seem to disrupt the main OSMR interaction site, which contains the critical Tyr-34, Gln-38, Gly-39, and Leu-45 amino acid residues, as evidenced by the surface rendering of the molecules (Fig. 10 ). In addition, the surface charge of binding site III, likely influenced by these conformational changes, differs in OSM and LIF (13 and Fig. S3 ). We concluded that the different spatial organization of Tyr-34, Gln-38, Gly-39, and Leu-45, because of the insertion of an additional amino acid into binding site III, plays an important role in the differential biological effects of OSM and LIF.
Discussion
Activation of OSMR-gp130 signaling distinguishes OSM from all other IL-6 family members (20, 22) . However, only few details about the OSM-OSMR interactions were known so far. It was described that the BC loop and N-terminal parts of the AB loop and D-helix of OSM, termed binding site III, form contacts with both the OSMR and the LIFR (13) . Furthermore, it was reported that the conserved FXXK motif in the D-helix of OSM mediates activation of both receptor complexes, but the features distinguishing OSM from LIF and other LIFR-activating cytokines remained enigmatic (13, 21) . In this work, we generated several OSM-LIF and LIF-OSM chimeras to demonstrate that OSMR activation depends on the N-terminal AB loop and D-helix of OSM. The specific loss of OSMR signaling activity in some chimeras revealed a more stringent ligandreceptor interaction for OSM and OSMR compared with LIFR and its ligands. The more adaptive structure of LIFR seems to allow activation by different cytokines, whereas activation of OSMR-gp130 is confined to OSM (37) .
Our results using LIF-OSM chimeras, in which the whole binding site III of OSM was inserted into LIF, indicated that binding site III is not only required but also sufficient for OSMR activation. These findings seem to suggest the existence of evolutionarily selected receptor binding modules that determine specific ligand-receptor interactions. Such a model has been proposed for ciliary neurotrophic factor, another IL-6 family member, which contains a LIFR-binding site (24) . However, we noticed that the ability of LIF-based OSM chimeras to activate OSMR was lower compared with WT OSM, which suggests a role for additional domains in OSM outside of binding site III. Such additional domains might also account for the markedly higher affinity of OSM compared with LIF for gp130 (3) . It seems likely that the impact of domains outside of binding site III is also responsible for the different effects of D-helix exchanges in OSM-based and LIF-based chimeras. In this context, we would like to speculate that domains outside of binding site III partially compensate for replacement of the D-helix in OSM chimeras, which results in only minor changes in OSMR activation. The absence of such compensatory features in LIFbased chimeras might magnify even slight deviations in the AB loop and D-helix orientations and, thereby, strongly compromise receptor activation.
Detailed analysis of the contribution of individual residues within the AB loop region for OSMR activation identified the amino acids Gln-38, Gly-39, and Leu-45 as particularly relevant, whereas the Y34A point mutant reduced, but did not abolish, OSMR activation. Other mutations, such as L40A and C49A, eliminated activation of both OSMR and LIFR. Some of these amino acids (leucine, glycine) are nonpolar and thus unlikely to participate in direct OSM-OSMR interactions. More frequently, these residues play a role in maintaining a protein's secondary structure (38 -40) . We assume that Gln-38, Gly-39, Leu-40, and Leu-45 are required to establish the proper spatial organization of the AB loop necessary for receptor activation. This notion is further reinforced by the identification of P153 in the N-terminal D-helix as exclusively impacting OSMR activation. Proline and glycine are often found in tight turns in secondary structures (38) . Hence, replacing either Gly-39 or Pro-153 with alanine will alter the spatial arrangement of binding site III, probably not to a major extent because the LIFR is still activated, but sufficiently to flunk the rigid needs of OSMR activation.
To our surprise, the majority of OSM residues required for OSMR activation are conserved in LIF. However, closer inspection of the crystal structures indicated that the conserved amino acids show different spatial arrangements in OSM and LIF molecules, largely caused by absence of a residue between Gly-39 and Leu-45 in OSM compared with LIF. This resulted in a lack of surface accessibility of the equivalent Leu-56 in LIF, which constitutes a critical difference within binding site III of 
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these cytokines. It appears likely that a relatively small number of mutations in the common ancestor gene for OSM and LIF led to structural changes in the original binding site III, allowing different ligand-receptor interactions.
Our structure-function study of OSM with its receptors OSMR and LIFR is based on several different functional readouts (STAT3 phosphorylation, STAT3 and TIMP1 protein levels, and inhibition of cell proliferation). It should be noted that all of these effects are dependent on STAT3 activation. Preliminary experiments by our group (data not shown) indicate the ability of the LIF-OSM chimera to initiate other signaling pathways downstream of OSMR such as STAT1, but it remains possible that some of the results reported here apply exclusively to STAT3 specificity. We also tried to determine binding affinities of different OSM mutants to OSMR and LIFR, but we were unable to obtain convincing results. Hence, it is still possible that loss of receptor activation is not solely due to an absence of cytokine receptor binding. In principle, the OSM mutants might still retain receptor binding ability but might be unable to induce the required conformational changes for induction of downstream signaling. Crystal structures, other high-resolution structural information about the cytokine-binding site of OSMR, or co-crystallization of OSM with its receptors might help in this regard (22) . Another intriguing aspect of OSM biol-ogy is the reported species specificity. Human and rat OSM signal both via OSMR and LIFR complexes, apparently activating similar downstream signaling pathways (20, 41) . Mouse OSM was long thought to be OSMR-specific, but recent data suggest that mouse OSM also activates LIFR, albeit by different intracellular signaling mechanisms (42, 43) . So far, no clear explanation is available for the divergent OSM-LIFR interactions between mouse and human.
OSMR-gp130 signaling has been implicated in numerous physiological and pathological processes (reviewed in Ref. 22) . OSM plays important roles in liver homeostasis and metabolism, inflammation, hematopoiesis, and bone remodeling, among others (30, 44 -48) . Especially interesting is the involvement of OSMR-dependent signaling in different disease conditions (49). Short-term OSMR activation has protective effects in different ischemic injury models (50 -54) , which makes OSM an attractive pharmacological target. In the course of this study, we have established robust protocols for the production and recovery of recombinant OSM that provide several advantages compared with previous reports, including the production of mutant OSM versions with an altered target spectrum (13, 27) . In contrast to short-term OSM signaling, continuous OSMR-gp130 activation has been associated with pathologies such as inflammatory bowel disease, glioblastoma, and dilated car- 
diomyopathy. For such conditions, specific inhibition of OSMR activity might improve the clinical course (55) (56) (57) . Neutralizing OSMR-specific antibodies might be an option to achieve this goal but are not without drawbacks (56, 57) because OSMR also forms complexes with co-receptors other than gp130, such as IL-31 receptor ␣ (58). Hence, antibodies against OSMR will not only prevent OSMR-gp130 activation but also additional signaling pathways. The insights obtained by our detailed analysis of OSM-OSMR interactions provide valuable information for the design of specific inhibitors of OSM signaling. Particularly attractive in this regard is the finely tuned modification of the 3D structure of binding site III. We believe that our findings provide a significant step forward to bring specific OSMR-gp130 activation and inhibition strategies to clinical application.
Experimental procedures
Chimera construction and site-directed mutagenesis
Human OSM cDNA was a kind gift from Dr. Heike Hermanns (University of Würzburg), whereas human LIF cDNA (MHS6278-202857165) was purchased from Thermo Fisher Scientific. For prokaryotic expression, OSM and LIF were amplified by PCR, flanked by NdeI and XhoI restriction sites, and cloned into the pET-26b(ϩ) vector containing a His 6 tag. Chimeras were constructed by overlapping PCR, first generating the different fragments forming each chimera with overlapping regions of 30 nucleotides, which were then used as a template for a second PCR reaction to obtain the desired gene sequence flanked by NdeI and XhoI restriction sites. Site-di- 
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rected mutagenesis of OSM was performed by full-plasmid amplification, using overlapping primers containing the desired mutation and PfuUltra High Fidelity DNA polymerase (catalog no. 600380, Agilent). Prokaryotic expression constructs were used as templates to generate mammalian expression constructs. To this end, the respective gene sequences accompanied by the His 6 tag were amplified with PacI and AscI restriction sites and cloned into a pCAG-GS vector. All constructs were verified by DNA sequencing. For a complete list of primers used, see Table S1 .
Protein expression and purification
Prokaryotic expression plasmids were transformed into SHuffle T7 Express-competent E. coli (catalog no. C3029H, New England Biolabs). Transformed cells were grown at 30°C, and protein expression was induced at an A 600 of 0.5-0.6 by addition of 0.1 mM isopropyl 1-thio-␤-D-galactopyranoside.
After 4 -6 h of incubation, bacteria were harvested by centrifugation and sonicated following standard protocols.
Eukaryotic expression was achieved in shaking cultures of FreeStyle 293-F cells (catalog no. R79007, Thermo Fisher Scientific) according to the manufacturer's instructions. The supernatants were harvested 3 days after transfection for OSMbased cytokines and 7 days after transfection for LIF-derived cytokines. Both prokaryotically and eukaryotically derived cytokines were then subjected to nickel-nitrilotriacetic acid affinity purification using standard procedures.
Cell lines
A375 cells (catalog no. 88113005) were purchased from the European Collection of Authenticated Cell Cultures. JAR cells (catalog no. ATCC HTB-144) were purchased from the American Type Culture Collection. HepG2 cells were a kind gift from Dr. Sarah Tonack (Max Planck Institute for Heart and Lung Research). 
OSM binding site III specifies OSMR activation
cells were returned to the 37°C incubator (humidified atmosphere, 5% CO 2 ) for the duration of the stimulation. Proteins were isolated, quantified, and prepared for SDS-PAGE electrophoresis following standard protocols.
Immunoblots
10 g of protein for each sample was electrophoresed in NuPAGE 4 -12% BisTris protein gels (Novex), and separated proteins were transferred to nitrocellulose membranes (Amersham Biosciences). Membranes were probed with antibodies against phospho-STAT3 (Tyr-705) (catalog no. 9131, lot 30, Cell Signaling Technology), pan-Actin (catalog no. 4968, lot 3, Cell Signaling Technology), TIMP1 (catalog no. 8946, lot 1, Cell Signaling Technology), or total STAT3 (catalog no. 9139, lot 8, Cell Signaling Technology). Bands were detected by means of HRP-conjugated secondary antibodies using the West Femto substrate (catalog no. 34095, Thermo Fisher Scientific) and a ChemiDoc MP System (Bio-Rad). Band intensity was quantified using the Image Lab software (version 5.0, Bio-Rad).
In the case of membranes blotted against phospho-STAT3 (Tyr-705), the same membrane was reblocked and probed against total STAT3. Total STAT3 levels were detected using an Alexa Fluor 680 -conjugated secondary antibody (catalog no. A21057, Invitrogen) with the Odyssey 9120 imaging system (LI-COR Biosciences) and quantified with Image Studio (version 4.0.21, LI-COR Biosciences).
Cell proliferation assays
A375 cells were seeded in 96-well cell culture plates at a density of 5000 cells/well in DMEM without phenol red. After addition of 10 ng/ml cytokine, cells were allowed to grow for 5 days before measuring cell proliferation using the Vybrant 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide cell proliferation assay kit (catalog no. V13154, Thermo Fisher Scientific).
Statistical analysis
Differences between the groups were assessed by means of a two-tailed Welch's t test, considering p values below 0.05 to be significant. All analyses were performed using R (version 3.0.3, The R Foundation for Statistical Computing) and RStudio (version 0.98.1062, RStudio).
Structural visualization
Protein structures were visualized using MacPyMOL (version 1.7.2.1, Schrödinger LLC), using available crystal structure data for human OSM (PDB code 1EVS) and human LIF (PDB code 2Q7N). Surface charge was compared using PDB2PQR (version 2.1.1) and the APBS plugin (version 2.1) for Mac-PyMOL (59, 60). 
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